Abstract Esterification of succinic acid with oleyl alcohol catalyzed by immobilized Candida antarctica lipase B (Novozym 435) was investigated in this study. Response surface methodology (RSM) based on a five-level, fourvariable central composite design (CCD) was used to model and analyze the reaction. A total of 21 experiments representing different combinations of the four parameters including temperature (35-65°C), time (30-450 min), enzyme amount (20-400 mg), and alcohol:acid molar ratio (1:1-8:1) were generated. A partial cubic equation could accurately model the response surface with a R 2 of 0.9853. The effect and interactions of the variables on the ester synthesis were also studied. Temperature was found to be the most significant parameter that influenced the succinate ester synthesis. At the optimal conditions of 41.1°C, 272.8 min, 20 mg enzyme amount and 7.8:1 alcohol:acid molar ratio, the esterification percentage was 85.0%. The model can present a rapid means for estimating the conversion yield of succinate ester within the selected ranges.
Introduction
Dicarboxylic acid esters are widely synthesized due to their excellent properties such as good thermal stability, low volatility, high flash point, and low toxicity [5] . Succinate ester is a dicarboxylic acid ester with multiple industrial direct and indirect applications, especially in food, agricultural and pharmaceutical industries. Succinates have potential applications as the starting material for producing bulk chemicals such as 1,4-butanediol (a precursor to biodegradable plastics), ethylene diamine disuccinate (a biodegradable chelator) and diethyl succinate (a ''green'' solvent replacement for dichloromethane) with a $15 billion market [13] . Traditionally, succinates are produced via petroleum-based chemical processes or esterification reactions using acidic or metal catalysts [20] . Nowadays, enzymatic synthesis as a 'green' alternative to chemical synthesis of esters offers attractive characteristics of biological systems such as substrate selectivity, mild reaction conditions, simpler and less expensive reaction setup, and low energy requirement [15] .
Lipases (E.C. 3.1.1.3) are well known and attractive among the most widely used biocatalysts. Their ability to perform synthesis reactions in non-aqueous media have made them extensively used to produce useful esters [17] . Among the lipases, Candida antarctica lipase B has been reported to show a high catalytic activity for esterification of dicaroxylic acids [11] .
Synthesis of bio-based succinate by fermentation process using natural or engineered microorganisms has been reported by several researchers [13, 21] . Some disadvantages of the method, such as low productivity due to side reactions, low activity of microorganisms in the presence of high concentrations of succinate and the requirement of media that are too expensive for large-scale use, have caused low bio-based succinate production that is not yet able to support bulk chemical markets [13] . Application of enzymes to produce these high value-added esters may overcome such limitations. Candida antarctica lipase B was employed as a catalyst for copolymerization of succinic acid and 1,4-butanediol to produce low molecular weight oligomers [3] . Jiang [8] also reported immobilized Candida antarctica lipase B-catalyzed production of di(n-hexadecyl) succinate and its use as a substrate in the synthesis of aliphatic copolyesters. However, so far, neither specific study on the interactive effect of reaction parameters nor any optimal conditions have been reported for these esters.
Considering the high benefits and demands of succinate esters, process optimization plays a very significant role in their economical enzymatic synthesis. Furthermore, for any design of future upscale enzymatic synthesis of esters, finding the optimal reaction conditions is essential. Statistical experimental design approaches have been extensively employed in bioprocess optimization, because these methods can explore the experimental space while studying various variables by requiring a small number of experiments [1] . Response surface methodology (RSM) and central composite design (CCD) are efficient statistical techniques that have been widely applied in the modeling and optimization of various biotechnological processes [7, 10] .
The objective of the present work was to model and optimize the lipase-catalyzed esterification reaction between succinic acid and oleyl alcohol to produce dioleyl succinate ester. The effects of four reaction parameters (temperature, time, substrate molar ratio and amount of enzyme) on the conversion of ester were evaluated, and polynomial model equations for the degree of esterification were established by CCD and RSM.
Materials and methods

Materials
Novozym
Ò 435 (specific activity 10000 PLU/g) was purchased from NOVO Nordisk A/S (Bagsvaerd, Denmark) and consists of Candida antarctica lipase B (triacylglycerol hydrolase, EC 3.1.1.3) physically adsorbed within the macroporous acrylic resin (poly[methyl methacrylateco-butyl methacrylate]) [3] . Succinic acid and oleyl alcohol (cis-9-octadecen-1-ol) were purchased from Merck Co. (Darmstadt, Germany). All other chemicals and solvents used in this study were of analytical grade.
Lipase-catalyzed esterification Different molar ratios of succinic acid and oleyl alcohol were mixed corresponding to the different substrate molar ratios (alcohol:acid 1:1-8:1) generated by experimental design (CCD), in 30-ml screw-capped vials. Five milliliters of hexane was added as solvent. Selection of hexane (log P = 3.5) as a solvent was based on prior solvent screening studies performed on synthesis of dicarboxylic acid esters for several solvents including hexane, heptane, ethyl acetate, buthanol and acetonitrile [2] . Different amounts of lipase (20-400 mg), which were generated by CCD, were subsequently added. The reaction was carried out in a temperature-controlled (accuracy of ± 0.1°C) horizontal water bath shaker at 150 rpm at different temperatures (35-65°C) and for different time periods generated by the experimental design (30-450 min) ( Table 1) .
Analysis and characterization
The reaction was terminated by dilution with 5 ml of ethanol:acetone (50:50 v/v), and the enzyme was removed by filtration. Remaining free acid in the reaction mixture was determined by titration with 0.1 M NaOH using phenolphthalein as the indicator. The moles of acid reacted were calculated from the values obtained for the control (without enzyme) and the test samples. The ester formed was expressed as equivalent to conversion of the acid [16] . Further identifications of ester formation were carried out by FT-IR spectroscopy (Perkin Elmer, model 1650) and thin layer chromatography using a chloroform/hexane (95:5) solvent system. Formation of the diester was also confirmed by gas chromatography/mass spectroscopy (GC/ MS) analysis performed on an Agilent (model GC 7890A; model MS 5975C; Agilent Technologies Inc., Palo Alto, Ca) instrument with a HP-5 column (0.32 mm 9 30 m, 0.25 lm). The carrier gas was helium, and the total gas flow rate was 74.2 ml min -1 . The injector temperature was set at 250°C. The oven temperature was maintained at 50°C for 5 min, elevated to 280°C at a rate of 8°Cmin
and held for 10 min. The only product with an R f value of 0.7 (in TLC analysis) and a retention time of 38.574 min (in GC analysis) was confirmed to be dioleyl succinate by mass spectroscopy analysis. The molecular ion of the product (m/z = 618.5) was barely detectable. In fact, the esters of higher alcohols show much weaker molecular ion peaks [14] . However, an ion peak at m/z = 590.5 was observed due to the formation of [M ? 2H] ? after losing two methyl groups, which confirms the formation of dioleyl succinate. Another important ion peak is related to the formation of ion asilium, [RCO] ? , due to a-cleavage reactions and loss of the alkoksi group from the ester (m/z = 351.2). Other bond cleavage occurred through some pathways and gave fragment ions at m/z 281.0, 207.0, 135.1 and 55.1.
Experimental design and statistical analysis
Response surface methodology (RSM) was applied to model the lipase-catalyzed synthesis of dioleyl succinate ester. To obtain a proper model for optimization, a fourfactor, five-level central composite design (CCD) was employed, requiring 21 experiments. The fractional factorial design consisted of eight factorial points, eight axial points and five center points. Each coded variable can describe a cubical region in three-dimensional space representing the design region [12] . The design of experiments employed is presented in Table 2 . The experiments were produced in random order and performed in triplicate. A software package of Design ExpertÒ Version 6.0.6 (State-Ease Inc., Statistics Made Easy, Minneapolis, MN) was used in this study. After testing increasingly complex models from linear to partial cubic to model the data, a partial cubic polynomial equation was developed to study the effects of the variables on the conversion of ester. The partial cubic model does not contain pure cubic terms. It includes all the terms in a quadratic model, but also includes terms having cubic interactions [4] . The fit of the model was evaluated by a coefficient of determination (R 2 ) and analysis of variance (ANOVA).
Results and discussion
Model fitting and analysis of variance (ANOVA)
Fitting of the data to various models and their subsequent ANOVA showed that the reaction of succinic acid and oleyl alcohol was most suitably described with a partial cubic polynomial model. The equation of the model based on the coded values is as follows (Eq. 1): where A is the temperature, B the time, C the amount of enzyme and D the substrate molar ratio.
The ANOVA for the model is provided in Table 3 . The F value of the model (28.66) with a P value 0.0003 implied that the model was significant at the 95% confidence level. The small P value (\ 0.001) and a suitable coefficient of determination (R 2 = 0.9853) also showed the suitability of the model for representing the real relationship among the reaction parameters [6] . The model also showed no lack of fit at a 95% level of significance. Adequate precision measured the signal-to-noise ratio. Ratios greater than 4 indicated adequate model discrimination. The adequate precision for the developed model was 23.231, indicating that the model could be used to navigate the design space. The coefficients of the response surface model are also presented in Table 3 . A P value greater than 0.05 indicated the term was not significant. In this case A, C, A 2 , C 2 , D 2 , AC, AD, BD and B 2 C were significant model terms. Figure 1 shows the actual values of conversion yield versus those predicted by the model. A linear distribution was observed, which was indicative of a well-fitting model. Equation 1 was then used to study the effect of reaction parameters on the ester synthesis.
Effect of parameters and optimum condition
According to ANOVA, temperature is the most significant parameter (F value = 21.41) that affects the succinate ester synthesis. The relationships between temperature and other reaction parameters have been studied by planned series of contour plots generated from the predicted model. The plots also indicate the effect of the four reaction parameters on the synthesis of ester. Contour plots in Fig. 2 represent the effect of varying temperature and reaction time on the synthesis of dioleyl succinate at a substrate molar ratio (alcohol:acid) 4.5:1 and 210 mg enzyme. Increasing the temperature promotes collisions between enzyme and substrate molecules and results in enhancement of the reaction rate [16] . The maximum conversion was predicted at 40.2°C. The extent of esterification decreased with an increase in temperature from 40.2 to 65.0°C. Considering the fact that Novozym 435 possesses high thermostability in organic solvents [3] , this result can be related to the decrease in equilibrium constants at higher reaction temperatures. By increasing the time, at any given temperature, a decrease in ester formation was observed. According to ANOVA, time is not a significant parameter that can influence the ester conversion. As can be seen in the contour plot, by prolonging the time from 30 to 450 min at 50°C, only about a 3% decrease in the conversion was observed. It seems that the reaction equilibrium is reached in a short reaction time. By increasing the time, the volume of accumulated water (byproduct of esterification reaction) increases and thus hydrolysis of the ester will happen [19] . Furthermore, the presence of excessive water in the undried catalyst, which might have been slowly released into the reaction mixture during the esterification reaction, can cause the hydrolysis of the ester product. Figure 3 shows the effect of varying the substrate molar ratio and temperature on the synthesis of succinate ester at 240 min and 210 mg of enzyme. The interactive effect of substrate molar ratio and time is significant on the conversion yield. Again, it is clear that the optimum temperature is in the range of 35.0-42.5°C. Because of the low solubility of succinic acid in the reaction mixture, the maximum conversion is obtained at higher molar ratios of alcohol to acid. Reduction of viscosity and also more availability of the alcohol for the enzyme can also be attained at higher amounts of alcohol. However, increasing the alcohol amount does not affect the conversion at higher temperatures.
The effect of varying enzyme amount and temperature on the ester synthesis is presented in Fig. 4 . The substrate molar ratio and reaction time were fixed at their center points. Amount of enzyme showed significant linear and quadratic effects on the synthesis of ester. The interactive effect of temperature and enzyme amount was also highly significant. Generally, by increasing the enzyme molecules an increase in the number of active sites takes place and hence more substrate molecules are converted into products [16] . However, in this study, a decrease in the conversion was observed by increasing the enzyme amount. A higher amount of enzyme may cause diffusional restrictions and mass transfer limitations that can be seen in systems containing immobilized enzyme and poorly soluble compounds [9] . Furthermore, by increasing the enzyme amount, the amount of water present in the undried catalyst increases, which leads to the hydrolysis of the ester.
RSM is able to predict the optimum combination of parameters, on the basis of the ridge maximum analysis and the canonical analysis, to obtain maximum conversion [18] . The maximum conversion (89.0%) for synthesis of dioleyl succinate by using minimum amount of enzyme 
Conclusion
The modeling of immobilized Candida antarctica lipasecatalyzed synthesis of dioleyl succinate ester was successfully performed by central composite design and response surface methodology. The R 2 (0.9853) and ANOVA implied that the model satisfactorily represented the real relationship of the four main reaction parameters and the response. A high conversion yield (85%) was obtained at the optimum condition that can be used for future upscaling of the process.
